Preparation of Pd–MgO model catalysts by deposition of Pd from aqueous precursor solutions onto Ag(0 0 1)-supported MgO(0 0 1) thin films by Ringleb, F. et al.
1 
 
Preparation of Pd−MgO model catalysts by deposition of Pd from aqueous precursor 
solutions onto Ag(001)-supported MgO(001) thin films 
 
 
Franziska Ringleb, Martin Sterrer,* and Hans-Joachim Freund 
Department of Chemical Physics, Fritz-Haber-Institut der Max-Planck-Gesellschaft,  
Faradayweg 4-6, D-14195 Berlin 
 





The preparation of Pd-MgO model catalysts via liquid-phase deposition of Pd from aqueous Pd precursor 
solutions was studied. Thin, single-crystalline MgO(001) films grown on a Ag(001) substrate were used 
as support and allowed surface science techniques such as Auger electron spectroscopy, X-ray 
photoelectron spectroscopy, scanning tunneling microscopy, and temperature programmed desorption to 
be applied for characterization. Thin MgO(001) films were unstable and rapidly dissolved in acidic and 
neutral environments, but remained stable in thickness in alkaline solutions after an initial dissolution of a 
few layers of MgO. Pd was deposited by exposure of the thin film MgO substrate to alkaline (pH 12) 
precursor solutions containing Pd-hydroxide complexes. Scanning tunneling microscopy images taken 
from ultrathin MgO films revealed the formation of Pd particles 3 nm in diameter after thermal 
decomposition of the precursor at 600 K, as well as roughening of the MgO substrate, including the 
formation of etch pits, which leads to partial exposure of the Ag substrate. For Pd deposited on thick 
MgO films, the formation of Pd nanoparticles by thermal decomposition of the adsorbed Pd-hydroxide 
precursor was followed by X-ray photoelectron spectroscopy. Pd-MgO model catalysts with similar Pd 
coverage prepared either by liquid-phase deposition or physical vapor deposition in UHV exhibited 










MgO(001) is, because of its simple geometric and electronic structure, a widely used model support for 
investigations aiming at elucidating the properties of supported metal particles, in particular, for studies of 
supported Pd nanoparticles. For example, nucleation and growth of Pd [1-3], its cluster-size dependent 
CO oxidation activity [4], or the oxidation and restructuring of Pd particles in oxygen environment [5,6] 
have been investigated using bulk MgO(001) single-crystals as support. Furthermore, thin MgO(001) 
films grown on either Ag(001) or Mo(001) supports have been utilized to investigate the nucleation of 
single Pd atoms [7,8], the reactivity of size-selected Pd clusters [9,10], or the electronic properties of Pd 
on MgO(001) [11,12]. The Pd-MgO system has also been intensively studied computationally, including 
topics such as the fundamental interaction of Pd atoms with the MgO surface and its point defects 
[13,14], the diffusion of small Pd clusters [15,16], the morphology of larger Pd particles [17,18], or the 
oxidation of small Pd clusters [19]. In addition, the fact that Pd particles of well-defined morphology can 
be prepared on MgO powders provided the basis for detailed investigations into chemisorption properties 
and reactivity, for example, in CO adsorption, CO hydrogenation, or methanol decomposition [20-23].  
From a more applied catalysis point of view, MgO is an interesting material because of its basic 
properties. It has been reported that the selectivity in the CO hydrogenation reaction over supported Pd 
catalysts is strongly directed towards oxygenated products when basic oxides such as MgO are used as 
support itself or as a promoter in Pd catalysts supported by other oxides [24-26], which has been related 
with the stabilization of formate-type intermediates at the Pd-MgO boundary [21,22]. Another test 
reaction, where Pd−MgO catalysts give promising results, is phenol hydrogenation [27-29]. It has been 
shown that both, the Pd dispersion and the long term activity are higher over Pd−MgO compared to 
Pd−Al2O3. The observed differences were explained by the stronger interaction of Pd with MgO and the 
suppression of coke formation over the basic MgO [28]. The basic properties of MgO have also been 
suggested to be the origin for the observation of electron-rich Pd particles on this support, a conclusion 
that has been deduced from reduced Pd binding energies [29] and from the specific stretching frequencies 
of CO on Pd-MgO catalysts [23,30].  
From a practical point of view, the main drawback of MgO is its rather low thermal stability, which limits 
its use as a support material in heterogeneous catalysis. Although MgO powders with high specific 
surface area can be prepared, this material strongly sinters following deposition of Pd by wet preparation 
routes such as impregnation or deposition-precipitation [31]. The reason for the sintering may be found in 
the instability of MgO in humid and aqueous environment. In particular, in acidic solutions, which are 
most frequently applied in Pd catalyst preparation by impregnation, dissolution is a more serious problem 
for ionic oxides such as MgO than for the more covalent oxides such as Al2O3 and SiO2. 
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The reactivity of MgO towards water and the restructuring and dissolution in aqueous environments 
represent a challenge for studies aiming at bridging the surface science model approach to catalysis, 
which utilizes morphologically well-defined samples and ultrahigh vacuum (UHV) methodologies, to 
studies of dispersed catalysts under realistic environmental conditions. In an attempt to elucidate the 
influence of surface hydroxyls on the interaction of metals with MgO surfaces, our group has recently 
investigated the controlled hydroxylation of model MgO(001) thin film surfaces and the nucleation and 
sintering of gold on hydroxylated MgO [32-34]. In the present work, we take a step further towards 
realistic conditions and apply a surface science approach to catalyst preparation, using single-crystalline 
oxide thin films as supports [35,36], to study the preparation of an MgO-supported Pd model catalyst by 
applying wet-chemical preparation routes. In this study, the stability of Ag(001)-supported MgO(001) 
thin films in various aqueous environments has first been explored in order to find appropriate conditions 
for Pd deposition. Next, the thermal decomposition of adsorbed Pd precursor complexes into Pd 
nanoparticles was studied with X-ray photoelectron spectroscopy (XPS) and scanning tunneling 
microscopy (STM) for Pd deposited on ultrathin (5 monolayers, ML) and thick (60 ML) MgO films. 
Finally, CO chemisorption and CO oxidation as probed with temperature programmed desorption (TPD) 
allowed to compare the properties of Pd−MgO model catalysts prepared by Pd deposition from aqueous 
precursor solution (liquid phase deposition, LPD) with those of a Pd−MgO sample prepared exclusively 
in UHV via physical vapor deposition (PVD) of Pd. 
 
2 Experimental Section 
 
Two separate ultra-high vacuum (UHV) set-ups were used in the present study for preparation and 
characterization of the samples. Both set-ups were equipped with standard tools for single-crystal sample 
cleaning and thin oxide film growth. One of the set-ups houses a 4-grid LEED (low energy electron 
diffraction) optics (Specs) with the option to perform Auger electron spectroscopy (AES), and a 
differentially pumped quadrupole mass spectrometer (Pfeiffer) for thermal desorption spectroscopy 
(TDS), while the other set-up is equipped with a hemispherical electron analyzer (Specs Phoibos 150) and 
a dual anode (Al/Mg) X-ray gun (Specs) for X-ray photoelectron spectroscopy (XPS). Both set-ups have 
a transfer chamber/load lock attached allowing fast sample transfer between the chambers. In addition to 
the UHV set-ups, a Wandelt-type electrochemical scanning tunneling microscope [37] operated in 
ambient air was employed for STM investigations. 
The Ag(001) substrate used in this study, which was mounted on a modified Omicron molybdenum 
sample plate, had a diameter of 10 mm and a thickness of 6 mm. The sample could be heated by electron 
beam heating using a filament attached to the backside of the plate. A constant positive bias was applied 
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to the sample during heating, while the filament current was controlled with a PID controller. The sample 
temperature was determined with a type-K thermocouple attached to the sample.  
The Ag(001) surface was cleaned by repeated cycles of Ar+ sputtering (1×10−5 mbar Ar, ~6 µA) at room 
temperature and subsequent annealing at 700 K in UHV until a sharp (1×1) LEED pattern was obtained 
and no surface contaminations were detected by AES or XPS. Ag(001)-supported MgO(001) thin films 
were prepared in the UHV chamber by reactive deposition of Mg from an electron beam evaporator 
(Omicron EFM 3) in an O2 background of 1×10−6 mbar and with the Ag(001) substrate held at 570 K 
during deposition. The Mg flux was calibrated with a quartz-microbalance and was adjusted to yield an 
MgO growth rate of one monolayer (ML)/min. After preparation, the MgO(001)/Ag(001) samples were 
annealed for 5 min. at 700 K in UHV. Surface crystallinity and cleanness of the MgO(001) films was 
checked with LEED (see Figure 1c) and AES/XPS.  
For MgO dissolution studies, freshly prepared MgO(001)/Ag(001) samples were transferred out of the 
UHV chamber into ambient laboratory atmosphere via a transfer chamber/load lock. The contact time to 
laboratory atmosphere before exposure to the solutions was kept at a minimum and was two minutes at 
most. The single crystal surface was placed above the solution surface in a hanging meniscus 
configuration to avoid exposure of the uncovered side planes of the Ag(001) crystal. Millipore water (pH 
6), 0.01 M HCl (prepared from 30 % HCl, suprapur, Merck), and 0.01 M NaOH (p.a., Merck) were 
applied in the dissolution studies. 
MgO-supported Pd model catalysts were prepared via a wet-chemical route (Pd-MgO LPD), using freshly 
prepared MgO(001)/Ag(001) thin film samples as supports. After transfer of the thin film samples out of 
the UHV chamber into laboratory atmosphere, the MgO(001) surface was exposed in a hanging meniscus 
configuration to alkaline (pH 12) Pd2+ precursor solutions.  The Pd2+ stock solution was prepared by 
dissolving PdCl2 (99.9 %, Alfa Aesar) in HCl. The final pH and Pd2+ concentration of the precursor 
solution was adjusted by adding water and NaOH. After exposure to Pd2+ precursor solutions, the surface 
was rinsed with 3 ml H2O in order to remove Na and Cl residues left on the surface from the solutions. 
All subsequent treatments (thermal decomposition of the precursor, reduction/oxidation treatments, and 
spectroscopic surface characterization) were carried out in the UHV chamber. 
In addition to the samples prepared via the wet-chemical route, Pd-MgO model catalysts prepared 
exclusively in UHV were investigated in this study (Pd-MgO PVD). For the UHV model catalysts, Pd 
was evaporated onto clean MgO(001) surfaces in UHV via physical vapor deposition of Pd with the 
sample surface held at room temperature. The Pd evaporation rate was calibrated with a quartz-
microbalance. 
 




3.1 Stability of MgO(001)/Ag(001) films in aqueous solutions 
 
Several previous studies have addressed the morphological changes associated with the attack of water 
and the dissolution of MgO on both, MgO particles and MgO single-crystal surfaces (e.g. [38-44]). It is 
well established that proton attack strongly enhances dissolution in acidic media, whereas in alkaline 
solutions, close to the point of zero charge of MgO (pzc ≈ 12), the dissolution rate is small. In line with 
this, scanning force microscopy studies have identified morphological modifications and the formation of 
etch pits on the MgO(001) surface upon exposure to acidic and neutral solutions [41,43], while in alkaline 
solutions a rather flat surface morphology was found to be preserved [45]. A clear view on the surface 
transformations upon exposure to water was provided by transmission electron microscopy studies using 
large cubic MgO(001) smoke particles [44,46]. The initial formation of cuts exhibiting [110] truncations 
is followed at later stages of exposure by the transformation of the MgO cubes into octahedra exposing 
[111] terminations, in line with the predicted thermodynamic stability of hydrated MgO(111) in humid 
environment [47]. 
 
An important aspect to consider prior to the deposition of Pd from aqueous precursors concerns therefore 
the stability and rate of dissolution of the MgO thin film substrate in aqueous solutions. The dissolution 
rates in the experiments reported here have been determined by Auger electron spectroscopy, using O/Ag 
Auger peak intensity ratios of freshly prepared MgO films with thicknesses between 1 and 20 ML for 
calibration. This allowed to determine the thickness of MgO films prior and after exposure to solutions. In 
Figure 1a, the variation of MgO film thickness as a function of exposure time is displayed for dissolution 
experiments in acidic (pH 2, 0.01 M HCl), alkaline (pH 12, 0.01 M NaOH) and close to neutral (pH 6, 
Millipore water) environments, respectively. The data points at t = 0 sec. represent the thickness of the 
pristine films. The data shown in Figure 1a is consistent with the expected faster dissolution of MgO in 
acidic media. In fact, in 0.01 M HCl solution the dissolution is so fast that the film was completely 
dissolved within the first 5 seconds of exposure. The dissolution rate is smaller at pH 6; however, even 
under these conditions a 13 ML thin MgO film was completely dissolved within 40 seconds of exposure. 
During the same period, only 3 ML MgO were dissolved from the MgO sample upon exposure to alkaline 
(pH 12) solutions. For the latter, the dissolution behavior was studied for prolonged exposures (up to 90 
min., Figure 1b), the results of which show that the dissolution is initially fast and considerably slows 
down with time, until a stable surface state is obtained after 20-30 min. of exposure. No diffraction 
pattern is visible in LEED images taken directly after exposure of the initially well-ordered MgO(001) 
films to alkaline solutions (Figure 1c). This indicates that the reaction of the MgO surface with water and 
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the subsequent partial dissolution is accompanied by surface reconstruction, leading to a strongly 
disordered surface. Subsequent annealing to 710 K is sufficient to restore a faint (1 × 1) LEED pattern 
(Figure 1c). The LEED results, in combination with XPS data (see, for example, the O 1s spectra reported 
in Figure 3a), are compatible with the formation of a strongly hydroxylated, or even brucite (Mg(OH)2)-
like surface layer during exposure to alkaline solution. Poorly ordered MgO(001) is again obtained 
following dehydroxylation or decomposition of Mg(OH)2 at elevated temperature.    
 
The initial dissolution rates calculated from Figure 1a are: 4.1×10−9 mol∙cm−2∙s−1 (pH 2), 9.7×10−10 
mol∙cm−2∙s−1 (pH 6), and 1.4×10−10 mol∙cm−2∙s−1 (pH 12). These values are in the range of MgO 
dissolution rates reported previously [38-42]. The deceleration of dissolution during long-term exposure 
to alkaline solutions is compatible with the formation of a brucite-like surface layer on MgO, which was 
found to inhibit MgO dissolution [38]. For comparison, reported dissolution rates for brucite at pH 12 are 
in the range of 10−14 mol∙cm−2∙s−1 [48].  
 
From the results presented above it is clear that any catalyst preparation study with thin MgO films as 
used in the present study must be carried out with strongly alkaline precursor solutions in order to avoid 
complete dissolution of the MgO substrate during the precursor adsorption process. The acidic PdCl2 
precursor solution was, therefore, hydrolized by adding NaOH, and care was taken to avoid precipitation 
of Pd(OH)2 during the hydrolysis step. At pH 12, which was set for all precursor solutions used in this 
study, the predominant Pd species in solution are Pd(OH)42− complexes [49].    
 
3.2 Pd deposition onto thin (nominally 5 ML) MgO films 
 
Initial Pd deposition experiments were carried out with ultrathin films in order to allow the morphology 
of the resulting surfaces to be examined with scanning tunneling microscopy (STM). Figure 2 shows 
representative STM images obtained from a Pd-MgO/Ag(001) sample prepared by exposure of a 5 ML 
MgO(001)/Ag(001) thin film to a 0.5 mM Pd2+ (pH 12) precursor solution for 5 min., followed by heating 
to 600 K in UHV. The larger scale image (160 nm × 110 nm, Figure 2a) displays a rough surface with 
morphological features in the range of 10 nm in diameter, clearly different from flat MgO(001) films 
observed in previous STM investigations in UHV [50]. The increased roughness is a consequence of the 
structural modifications during the initial partial dissolution of the MgO surface upon exposure to the 
alkaline precursor solution. Although protrusions with different contrast are observed, a distinction 
between MgO-related features and Pd nanoparticles is not obvious from Figure 2a. However, on a smaller 
scale (Figure 2b, 100 nm × 60 nm), the distinction between support and Pd nanoparticles becomes more 
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evident. Here, the brighter protrusions, which are assigned to Pd nanoparticles, can clearly be 
differentiated from the rough support. A few darker spots observed in this image are indicative of small 
holes down to the Ag(001) substrate.  Taking tip convolution effects into account, the diameter of the Pd 
particles can be estimated to be about 3 nm.  
 
In order to obtain chemical information about the processes of Pd nanoparticle formation on the 5 ML 
MgO(001)/Ag(001) sample, a similar preparation as the one described above was analyzed with XPS. 
The clean film exhibits an O 1s photoemission peak at 529.5 eV binding energy (BE) that is typical for a 
thin, supported MgO film (Figure 3a, black trace) [51]. This signal gets strongly attenuated upon 
adsorption of the Pd precursor from aqueous solution (Figure 3a, blue trace). In addition, a shoulder 
appears at the high BE side of this peak (532 eV), which can be attributed to the presence of hydroxyls. 
(Note that the Pd 2p emission is in the same BE range as the O 1s emission. Because of the small 
concentration of Pd on this surface, the shoulder at 532 eV originates almost entirely from hydroxyl 
species on the MgO surface). The corresponding Pd 3d spectrum displays the typical Pd 3d doublet 
structure with a separation of 5.3 eV between the Pd5/2 and Pd3/2 states. The individual components 
exhibit an additional fine structure, pointing to the presence of at least two chemically different Pd species 
with Pd 3d5/2 BE´s of 337.3 eV and 335.2 eV, respectively (Figure 3c, blue trace). The high BE 
component can be assigned to adsorbed precursor complexes of oxidic (hydroxidic) nature, whereas the 
BE of the second component is compatible with the presence of metallic Pd species. Upon heating to 400 
K, partial decomposition of the oxidic precursor into metallic Pd is observed, which is complete after 
further heating to 600 K. In addition, this heat treatment leads to dehydroxylation of the MgO surface, 
seen by the disappearance of the shoulder at 532 eV BE in the O 1s region. The integrated area of the Pd 
3d signals does not change for samples annealed up to 600 K. This means that no Pd is lost during the 
first annealing steps. However, the peak intensity of the Pd 3d signal strongly decreases following further 
heating to 710 K. Note that the O 1s signal of the MgO film is only half as intense after the final 
annealing step as compared to the initial clean MgO film. This behavior is expected based on the partial 
dissolution of the MgO film in alkaline solutions. Correspondingly, an increase of the Ag 3d signal 
intensity is observed (Figure 3b). 
The XPS data provide further support for the assignment of the bright protrusions observed in the STM 
image (Figure 2b) to metallic Pd nanoparticles. However, these results also indicate that there is a non-
negligible interaction of Pd with the Ag(001) support: The strong diminishment of the Pd 3d signal upon 
annealing to 710 K likely results from diffusion of Pd into the Ag bulk through holes in the MgO film, 
which were created during exposure to the precursor solution. Likewise, the presence of metallic Pd on 
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the non-annealed sample can be ascribed to the direct adsorption and decomposition of Pd precursor 
complexes on partially exposed Ag(001) support. 
 
3.3 Pd deposition onto thick (nominally 60 ML) MgO films 
 
In order to avoid any contribution from the Ag(001) substrate during the precursor deposition and 
decomposition stages, the following experiments were performed with nominally 60 ML thick MgO 
films. Because STM cannot be applied to MgO films of this thickness, the Pd coverage (loading) of 
Pd−MgO model catalysts, which can be used to estimate the Pd particle size, was determined by 
quantitative comparison of XPS Pd 3d peak areas from samples obtained by liquid phase deposition 
(LPD) of Pd, and those prepared by evaporation of known amounts of Pd by physical vapor deposition 
(PVD) in UHV. Figure 4a displays the Pd 3d photoemission spectra of samples prepared in the latter way 
for increasing amounts of Pd evaporated at room temperature (Pd coverage, θ(Pd) = 0.07 ML (i), 0.18 
ML (ii), 0.36 ML (iii), 1.1 ML (iv); 1 ML Pd corresponds to a closed-packed hexagonal layer of Pd 
atoms, that is 1.5 × 1015 atoms/cm2). For comparison, the Pd 3d spectra taken directly after 5 min. 
exposure of MgO(001)/Ag(001) thin films to precursor solutions of 0.05 mM (i), 0.5 mM (ii), 1 mM (iii), 
and 2.5 mM (iv) Pd2+, respectively, are shown in Figure 4b. The plot in Figure 4c reveals an almost 
perfect linear correlation between the resulting surface Pd coverage and the Pd2+ concentration in the 
precursor solution. The Pd coverages of the individual samples are summarized in Table 1. In addition, 
Table 1 provides the corresponding Pd loading in weight-%, calculated with the assumption that the 
surface area of a typical Pd-MgO powder catalyst is 40 m2/g [29,31].  
 
The determination of the absolute coverage allows also to draw conclusions about the expected Pd 
particle size. Although the coverage-dependent Pd cluster size distributions for Pd−MgO(001)/Ag(001) 
model catalysts have not been determined in UHV, reference to studies on Pd−alumina/NiAl(110) [52] 
and Pd−Fe3O4(111)/Pt(111) [53] from our group as well as on Pd−MgO(001)/Mo(001) from Goodman´s 
group [11] suggests that particle diameters in the range of 1 nm for the samples with the smallest 
coverage (from 0.05 mM Pd2+ precursor solution, θ(Pd) = 0.05 ML), 3 nm for medium Pd coverage (from 
1 mM Pd2+ precursor solution, θ(Pd) = 0.4 ML), and up to 5 nm for the sample with the largest coverage 
(from 2.5 mM Pd2+ precursor solution, θ(Pd) = 1 ML) are to be expected. The comparison of the 
Pd−MgO LPD samples with UHV-based, oxide-supported Pd model catalyst samples is justified based on 




The decomposition of the adsorbed precursor has been studied with XPS for a sample that was prepared 
by exposure of 60 ML MgO(001)/Ag(001) for 5 min. to a 1 mM Pd2+ precursor solution, corresponding to 
a deposited amount of 0.4 ML Pd. Figure 5a provides Pd 3d photoemission spectra together with results 
of spectral fitting for the raw catalyst (bottom trace, “as deposited”), and for the same sample following 
several heating steps. The spectrum of the raw catalyst can be decomposed into two Pd 3d doublets with 
Pd 3d5/2 BE´s of 337.8 eV and 336.2 eV, respectively. Upon heating to 400 K, the high BE component 
converts almost completely into a Pd species exhibiting a BE of 336.0 eV. Further heating to 600 K and 
710 K leads to a shift of the main Pd 3d component to 335.8 eV, and finally to 335.6 eV. By comparison 
of Figure 5a with Figure 3c, where a similar decomposition sequence has been employed for Pd deposited 
on the 5 ML thin MgO film, the absence of the Pd 3d5/2 component at 335.2 eV in any of the 
photoemission spectra taken from the thick film sample is evident. This observation confirms the 
previous assumption about the active role of Ag in the decomposition of the Pd precursor on the 5 ML 
thin MgO films (Section 3.2). 
 
The Pd 3d photoemission data recorded at the various stages of Pd precursor decomposition on the thick 
MgO film sample are qualitatively similar to those reported in our previous study of Pd deposition from 
alkaline precursor solution onto Fe3O4(111) [36]. In agreement with this study and with reported binding 
energies of hydroxidic and oxidic Pd species [54-57], Pd-hydroxide precursor complexes adsorb on the 
MgO surface during exposure to the alkaline Pd2+ precursor solution, giving rise to the Pd species with a 
Pd 3d5/2 BE of 337.8 eV. Because the MgO surface is expected to be essentially uncharged at the 
employed pH, the initial interaction of the precursor with the support surface can be described as 
hydrolytic interaction of Pd(OH)42− complexes present with surface hydroxyls. The adsorbed Pd-
hydroxide precursor complexes easily decompose at a slightly elevated temperature (400 K) into partially 
oxidized Pd particles exhibiting a Pd 3d5/2 BE of 336.0 eV. A shift to 335.6 eV after a thermal treatment 
at 710 K is indicative for further decomposition, resulting in metallic Pd nanoparticles. It is noted that 
most of the carbon contamination resulting from exposure of the sample to air and precursor solution is 
efficiently eliminated from the Pd-MgO model catalyst surface at this stage of activation (Figure 5b).  
The presence of metallic Pd nanoparticles after thermal treatment at 710 K is corroborated by the 
simultaneous appearance of weak satellite peaks at 342 eV and 347 eV, which are due to energy losses 
resulting from Plasmon excitation in metallic Pd systems [58], as well as by the fact that the XP spectrum 
remains essentially unchanged following a subsequent reductive treatment in H2 atmosphere (Figure 5a, 
top). Furthermore, the similarity between the Pd 3d XP spectra from the annealed Pd−MgO LPD sample 
and annealed Pd-MgO PVD exhibiting a comparable Pd coverage (dashed line in Figure 5a) shows that 
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these dissimilar preparation procedures yield supported Pd nanoparticles with identical electronic 
properties.  
 
The Pd 3d5/2 BE of 335.6 eV recorded for metallic Pd nanoparticles on 60 ML MgO(001)/Ag(001) is 0.4 
eV higher than that of bulk-like metallic Pd systems (335.2 eV), and considerably higher than the 334.4 
eV, recorded by Claus et al. for a Pd-MgO powder sample [29]. Because the MgO films employed in the 
present study are relatively thick (nominally 60 ML), charging effects could potentially lead to a shift to 
higher BE. However, this possibility is excluded based on the similarity of the C 1s BE´s on the 60 ML 
MgO sample and on the 5 ML MgO sample, where charging effects are negligible. Alternatively, the BE 
shift could arise from (i) reduced final state screening of the core hole created during the photoemission 
process in the small Pd particles on the insulating support (final state effect), (ii) initial state contributions 
such as charge transfer between the MgO support and the Pd particles or lattice contraction in small Pd 
particles, or (iii) some combination of (i) and (ii). Auger parameter analysis is a potential method to 
discriminate between those effects [59-61]. A preliminary analysis of the Auger parameter involving the 
Pd 3d core level BE and the Pd L3M45M45 Auger transition suggests that the Pd particles are essentially 
neutral. The observed 0.4 eV shift to higher BE is therefore caused by a reduced final state screening in 
the small Pd particles. This interpretation is corroborated by the fact that the Pd 3d5/2 BE approaches 
335.2 eV, that is, bulk-like behavior, in samples with higher Pd coverage that contain larger Pd particles. 
For example, on a sample prepared by exposure of MgO to 2.5 mM Pd2+ precursor solution, which results 
in a coverage of about 1 ML Pd, the Pd 3d5/2 BE obtained after a thermal treatment at 710 K is 335.3 eV 
(data not shown).  
 
3.4 Comparison of Pd−MgO(001)/Ag(001) model catalysts 
 
In order to explore the chemisorption properties of the Pd−MgO model catalysts, and to investigate 
whether or not the applied preparation procedure affects the surface properties of the activated catalysts, 
TPD experiments have been performed for both, a catalyst prepared by application of the Pd precursor via 
the wet route (Pd−MgO LPD, exhibiting a Pd coverage of approximately 0.4 ML Pd), and for a model 
catalyst with a similar Pd coverage prepared by physical vapor deposition of Pd onto a pristine MgO(001) 
surface in UHV (Pd−MgO PVD). Prior to the TPD experiments, both samples were subjected to the same 
activation procedure, which consisted of thermal annealing in UHV at 710 K, followed by an oxidation 
(O2)/reduction (H2) treatment at 600 K. The inset in Figure 6a provides the Pd 3d photoemission spectra 
from both samples taken after activation, which shows that the difference in the deposited amount of Pd is 




The CO-TPD spectrum from the Pd−MgO PVD sample taken after a saturation 13CO dose at 150 K 
(black trace in Figure 6a) is similar to previous CO-TPD data from other oxide-supported Pd model 
catalysts (e.g. [62,63]). Desorption of CO bound linearly to Pd gives rise to the constant CO desorption 
rate between 200 and 400 K, whereas the maximum, which is observed here at 465 K, is assigned to 
desorption of  more strongly bound, multiple-coordinated (mainly 3-fold coordinated) CO. The shape of 
this TPD trace is indicative for the presence of well-facetted Pd nanoparticles on the clean MgO(001) 
support. In passing to the CO-TPD from the Pd−MgO LPD sample (Figure 6a, red trace), it can first be 
noted that the amount of CO desorbing from this sample is slightly higher than from Pd−MgO PVD, 
reflecting the small difference in Pd coverage. The good correlation between integral CO desorption and 
Pd coverage allows to conclude that the mean Pd particle sizes, the fraction of Pd surface atoms, and the 
particle density are similar on both samples. There are, however, slight differences in the CO-TPD trace 
of Pd−MgO LPD compared to Pd−MgO PVD that are worth mentioning: the desorption maximum is 
shifted to lower temperature (450 K), and increased CO desorption is observed between 350 K and 400 K. 
It has to be noted that CO desorption from Pd-Ag alloys vs. pure Pd shows a characteristic deviation with 
similar features as observed here for Pd−MgO LPD vs. Pd−MgO PVD [67]. The formation of Pd-Ag 
alloy particles on Pd−MgO LPD can, however, be excluded based on the observation of a large fraction 
of CO desorbing from multiple-coordinated sites (which is strongly suppressed in Pd-Ag alloys), as well 
as by the fact that the same Pd 3d BE´s are recorded for Pd−MgO LPD and Pd−MgO PVD.  
With reference to previous TPD studies (Pd(111) [64], Pd(112) [65], and Pd foils [66]), the differences 
observed between the CO TPD´s of Pd-MgO LPD and Pd-MgO PVD can therefore be related to a slightly 
higher abundance of low-coordinated Pd atoms on the surface of the Pd nanoparticles over Pd−MgO 
LPD. Similar conclusions have been obtained for Pd−Fe3O4(111) model catalysts [36].  
Finally, the activity of the LPD and PVD samples in CO oxidation has been studied. For this purpose, 
TPD spectra were recorded following saturation doses with O2 (dosed at 400 K) and 13CO (dosed at 150 
K). The corresponding 13CO and 13CO2 traces are displayed in Figure 6b and Figure 6c, respectively. 
Only small differences are observed in the 13CO2 production form Pd−MgO LPD and Pd−MgO PVD and 
the maximum 13CO2 desorption occurs at around 400 to 420 K, in perfect agreement with previous studies 
[63].  
 
In summary, the quite similar chemisorption and activity results obtained with TPD, together with the 
observation of similar Pd 3d BE´s in XPS, suggests that the morphological and chemical properties of 
activated MgO-supported Pd model catalyst samples exhibiting comparable Pd coverage are only 
marginally influenced by the Pd loading techniques used in this study. This observation is explained by 
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the fact that Pd deposition via adsorption of Pd-hydroxide complexes, followed by thermal decomposition 
in UHV, provides a preparation route which leaves the catalyst surface free of precursor residues (Cl−, 
Na+) such that Pd particle growth at elevated temperature is mainly governed by thermal sintering, as in 
the case of the PVD sample. The origin for the formation of slightly more irregular Pd particles when 
prepared via the wet route may be found in the modified interfacial properties of the MgO support 
surface. Both, the increased roughness and the presence of hydroxyl groups after exposure to alkaline 
solutions contribute to a greater variety of adsorption/nucleation sites on Pd−MgO LPD and, hence, to a 




MgO(001) thin films grown on a Ag(001) substrate have been utilized as support in a surface science 
model study aiming at the investigation of Pd−MgO model catalyst preparation using wet chemical 
preparation procedures. The applicability of MgO thin films in these studies is limited by MgO 
dissolution in aqueous solutions, which is fast in acidic and neutral environment, but exhibits an 
acceptable slow rate in strongly alkaline environment. Exposure of MgO films to a pH 12 Pd2+ precursor 
solution results in the initial adsorption of Pd-hydroxide complexes, the surface concentration of which 
linearly depends on the Pd2+ precursor concentration in solution. On 60 ML MgO films, where any 
influence from the Ag(001) substrate to the surface chemistry can be excluded, thermal decomposition of 
the adsorbed Pd-hydroxide complexes yields metallic Pd nanoparticles, which exhibit morphological and 
chemical properties comparable to Pd−MgO model catalysts prepared in UHV. The slightly greater 
abundance of low-coordinated Pd sites present on model catalysts prepared via the wet-chemical route is 
explained by the modification of the interfacial properties due to increased surface roughness and the 
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Table 1. Nominal Pd coverage and calculated Pd loading of Pd-MgO model catalysts obtained by 
exposure of 60 ML/MgO(001)/Ag(001) to Pd2+ precursor solution (pH 12, 5 min. exposure time, different 










i 0.05 0.05 0.5 
ii 0.5 0.22 2.3 
iii 1.0 0.41 4.3 
iv 2.5 1.05 11.0 
(a) One ML corresponds to 1.5×1015 Pd atoms/cm2. 



















Figure 1. a) Dissolution of MgO(001)/Ag(001) films (initial thicknesses corresponding to the values at 
time = 0 sec) in various environments plotted as MgO film thickness vs. time of exposure to solutions; 
black: 0.01 M NaOH solution (pH 12), blue: Millipore water (pH 6), red: 0.01 M HCl solution (pH 2). b) 
Dissolution of MgO(001)/Ag(001) in 0.01 M NaOH. c) LEED pattern (E=70 eV) of a pristine 20 ML 
MgO(001)/Ag(001) film (left). No diffraction pattern is obtained from a MgO(001)/Ag(001) film exposed 
to alkaline solutions (middle). A faint (1×1) LEED pattern is restored after subsequent annealing at 710 K 
(right). 
 
Figure 2. STM images of a nominally 5 ML thin MgO(001)/Ag(001) film taken in ambient environment 
after deposition of Pd from aqueous Pd2+ precursor (1 mM PdCl2, pH 12, 5 min) and subsequent thermal 
annealing at 600 K. a) 160 nm × 110 nm, b) 100 nm × 60 nm. Tunneling conditions: it = 100 pA, Ut = 100 
mV. 
 
Figure 3. XP spectra of the O 1s (a), Ag 3d (b) and Pd 3d (c) regions from 5 ML MgO(001)/Ag(001) 
(black traces), after exposure to aqueous Pd precursor (0.5 mM PdCl2, pH 12, 5 min.) (blue), and after 
subsequent thermal annealing in UHV at 400 K (green), 600 K (red) and 710 K (mangenta). 
 
Figure 4. a) Pd 3d photoemission spectra from Pd−MgO(001)/Ag(001) samples prepared by physical 
vapor deposition (PVD); nominal Pd coverage: (i) 0.07 ML, (ii) 0.18 ML, (iii) 0.36 ML, (iv) 1.1 ML. b) 
Pd 3d photoemission spectra from Pd−MgO(001)/Ag(001) samples prepared by exposure of the MgO 
substrate to Pd2+ precursor solution (PdCl2, pH 12, exposure time: 5 min.) with various Pd2+ 
concentration; (i) 0.05 mM, (ii) 0.5 mM, (iii) 1 mM, (iv) 2.5 mM. The XP spectra were taken at room 
temperature directly after deposition and without further annealing. The binding energy of bulk Pd (335.2 
eV) is indicated. c) Relationship between Pd2+ concentration in the precursor solution and nominal Pd 
surface coverage in monolayers. 
 
Figure 5.  Pd 3d (a) and C 1s (b) photoemission spectra from a Pd−MgO(001)/Ag(001) sample prepared 
by exposure of 60 ML MgO(001)/Ag(001) to 1 mM Pd2+ precursor solution (PdCl2, pH 12, exposure 
time: 5 min.) taken directly after deposition (bottom, “as deposited”), after subsequent annealing steps in 
UHV, and after final H2 reduction (1×10−6 mbar, 5 min.) at 710 K (top). Bold black lines: experimental 
spectra; white lines: results of fits; red lines: individual Pd 3d fit components; grey lines: background and 
contributions due to interband (in oxidic Pd) and Plasmon (in metallic Pd) excitations. The positions of 
the loss peaks due to Plasmon excitation are marked by stars. For comparison, the Pd 3d XP spectrum of 
an annealed Pd-MgO PVD sample (nominal Pd coverage: 0.36 ML) is displayed in (a) as dashed line. 
 
Figure 6. a) 13CO TPD traces following adsorption of 13CO at 150 K. b) 13CO and c) 13CO2 TPD traces 
following oxidation of Pd nanoparticles at 400 K and subsequent CO adsorption at 150 K. red traces: 
Pd−MgO LPD; black traces: Pd−MgO PVD. The inset in a) shows the Pd 3d photoemission spectra from 
the Pd−MgO LPD (red) and Pd−MgO PVD (black) samples, respectively. A constant heating rate of 2 
K/s was applied in all TPD experiments. 
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